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ABSTRACT 


A  standard  off-the-shelf  Taber  Abraser  instrument  is  used  to  quantify  the 
abrasive  wear  resistance  of  high-density  polyethylene  jackets  on  small  diameter 
submarine  cables.  The  procedures  developed  and  used  resulted  in  reliable  and 
repeatable  data  and  form  the  basis  for  an  evaluation  method  of  abrasive  wear 
resistance.  The  wear  rates  of  HDPE  cable  jacket  and  flat  sheet  specimens  were 
compared.  The  wear  rate  of  the  flat  sheet  is  generally  proportional  to  the  num¬ 
ber  of  abrasion  cycles,  while  the  wear  rate  of  the  cable  jacket  is  proportional  to 
the  number  of  abrasion  cycles  only  after  a  higher  initial,  or  transient,  wear  rate. 
Several  factors  that  affect  the  wear  depths  and  rates  were  also  investigated. 
These  include  the  abrasive  grit  size,  the  effective  coefficient  of  friction  between 
the  abrasive  wheels  and  specimens,  the  HDPE  buildup  and  coating  on  the  abra¬ 
sive  wheels,  and  the  presence  or  absence  of  distilled  water  covering  the  cable 
specimens.  Finally,  the  abrasive  energy  density  is  calculated  and  compared  for 
the  different  test  conditions,  i.e.,  abrasive  wheel  type,  and  wet  or  dry  test  condi¬ 
tions. 
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Chapter  1 


INTRODUCTION 
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Background 

Electro-optical  submarine  cables  must  meet  many  requirements  in  order  to 
sustain  a  long  service  life  and  maintain  structural  integrity  in  harsh  ocean  envi¬ 
ronments.  The  cable  jacket  must  be  resistant  to  abrasion  and  wear  and  remain 
water-tight  to  prevent  corrosion  of  the  underlying  electrical  shield  and  structural 
cable  components.  Abrasion  and  wear  of  the  cable  jacket  are  caused  by  the  ca¬ 
ble  laying  and  handling  equipment  during  cable  deployment  and  by  cable  strum¬ 
ming  due  to  tidal  motions  and  currents  in  the  water  after  cable  deployment. 
Original  hemp  and  tar,  and  solid  paper  cable  coatings,  or  jackets,  are  being  re¬ 
placed  with  polymeric  materials.  Polymers  are  being  used  because  of  their  ma¬ 
terial  properties,  corrosion  resistance,  wear  resistance,  low  cost,  and  ease  of 
manufacture. 

In  the  1980s,  fiber-optic  cable  systems  became  operational,  and  in  1988  a 
new  generation  of  submarine  cables  was  laid  across  the  Atlantic  [1].  The  new 
generation  of  submarine  cables  is  generally  lighter  weight  than  the  predeces¬ 
sors.  The  new  cables,  as  shown  in  Figure  1,  can  consist  of  a  fiber-optic  core 
structure  surrounded  by  helically  wound  steel  strands  inside  a  welded  steel  or 
copper  tube.  The  tube  is  encased  in  a  continuous  layer  of  water-resistant,  elec¬ 
trical  insulation,  in  this  case  medium-density  polyethylene,  which  is  surrounded 
by  steel  shielding.  Finally,  a  continuous  jacket  of  a  polymer  material  is  ex¬ 
truded  over  the  steel  shielding.  In  shallow  waters  around  harbors  and  fishing 
areas,  the  submarine  cables  often  have  helically  wound  steel  armor  wires  added, 
as  an  additional  strength  member,  and  may  be  buried  in  the  ocean  floor  to  pro- 
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tect  the  cable  from  anchors  and  fishing  gear.  Deep  water  cables  are  often  laid 
on  the  surface  of  the  ocean  floor  [2]. 


Figure  1.  Cable  cross-section  showing  construction  details  of  an 
electro-optic,  submarine  cable. 


One  polymer  used  extensively  for  cable  jackets  in  deep  ocean  applications  is 
high-density  polyethylene  (HDPE).  The  high  electrical  resistance,  low  specific 
weight  and  low  frictional  coefficients  of  HDPE  are  all  advantageous  material 
properties  for  cable  jackets.  The  strength  and  toughness  of  HDPE  become  de¬ 
graded  when  the  polymer  is  exposed  to  sunlight  due  to  the  polymer's  absorption 
of  ultra-violet  light  and  subsequent  photodegradation.  This  photodegradation 
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is  not  limited  to  the  surface  of  polyethylene,  but  can  affect  the  bulk  material. 
However,  ultraviolet-absorbers  or  ultraviolet-scattering  pigments,  such  as  car¬ 
bon  black,  when  added  to  the  HDPE  during  manufacture  can  slow  the  photo¬ 
degradation  of  HDPE.  The  addition  of  carbon  black  makes  polyethylene  black 
and  opaque  [3]. 

The  extensive  use  of  polymers,  specifically  HDPE,  in  critical  undersea  appli¬ 
cations  demands  a  better  understanding  of  the  wear  mechanisms  in  order  to 
more  accurately  predict  and  compare  the  service  life  of  various  manufacturers' 
cables.  In  this  thesis,  wear  is  defined  as  the  accumulated  loss  of  material  due  to 
the  relative  motion  of  two  contacting  surfaces. 

Several  tests  have  been  developed  to  measure  the  wear  resistance  of  materi¬ 
als.  The  tests  are  generally  classified  by  the  geometry  of  the  contacting  sur¬ 
faces  (cylinder-on-cylinder,  pin-on-disk,  plane-on-plane),  the  presence  or  ab¬ 
sence  of  abrasives,  and  either  lubricated  or  non-lubricated  conditions.  Adhe¬ 
sive,  or  sliding,  wear  is  defined  as  wear  due  to  the  relative  motion  between  two 
contacting  surfaces  without  abrasives  present  in  the  contact  area.  The  contact 
area  is  the  area  where  the  two  surfaces  come  together  on  a  macroscopic  scale, 
also  referred  to  as  the  “apparent  area”  of  contact  or  as  the  “contact  zone.” 
When  abrasives,  either  loose  or  bonded,  are  present  in  the  contact  area  the  wear 
is  classified  as  abrasive  wear.  Bonded  abrasives  are  made  of  small,  relatively 
hard  particles,  called  abrasives,  that  are  held  in  an  epoxy  resin  and  can  be  made 
into  sheets  or  other  more  complicated  shapes,  such  as  disks,  cylinders  or  cones, 
depending  on  the  intended  application. 
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Abrasive  wear  test  methods  use  either  loose  abrasives  sliding  between  con¬ 
tacting  surfaces,  loose  abrasives  impacting  the  surface  as  in  erosion  tests,  or 
bonded  abrasives  rubbing  against  the  test  surface.  Abrasion  testing  using 
bonded  abrasives  has  been  standardized  for  the  abrasion  resistance  of  plastics  in 
JIS-K-7204  as  “Testing  method  for  abrasion  resistance  of  plastics  by  an  abra¬ 
sive  wheel,”  and  a  Taber  abraser  is  specified  in  ASTM-D-1044,  “Standard  test 
method  for  resistance  of  transparent  plastics  to  surface  abrasion.”  However, 
these  standard  test  methods  are  limited  to  flat  sheet  specimens,  in  contrast  to 
the  round,  cylindrical  shape  of  cable  jackets. 


Problem  Statement 

Abrasive  wear  is  a  complex  process  of  energy  transfer  by  friction,  adhesion, 
shearing,  plastic  deformation,  tearing,  fracture,  and  fatigue  [4  and  5].  Abrasive 
wear  is  further  complicated  by  secondary  interactions  between  the  abraded 
fragments  and  the  abrading  materials  or  surfaces  [6].  The  material's  properties, 
as  well  as  these  secondary  interactions,  can  affect  the  abrasive  wear  rate.  The 
current  theories  of  abrasion  and  wear  for  polymers  are  not  reliable  for  quantify¬ 
ing  or  predicting  the  wear  rates  in  many  practical  applications,  including  the 
abrasive  wear  of  cable  jackets  in  the  deep  ocean.  In  addition,  the  coefficient  of 
friction  may  affect  the  abrasive  wear  rate.  However,  standard  friction  test 
methods  are  not  applicable  to  the  finished  cable  jacket.  The  effect  of  the 
jacket's  coefficient  of  friction,  therefore,  has  not  been  adequately  investigated 
with  respect  to  the  cable  geometry. 
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The  objective  of  this  thesis  is  to  better  understand  and  explain,  using  the 
thick  abrasive  wheels  and  Taber  Abraser  machine,  the  abrasive  wear  mecha¬ 
nisms  of  the  HDPE  cable  jackets,  the  relationship  between  the  effective  coeffi¬ 
cient  of  friction  and  the  energy  density  required  to  produce  a  specific  wear  rate, 
and  the  relationship  between  wet  and  dry  test  conditions.  In  addition,  a  compar¬ 
ison  is  made  of  the  wear  rates  between  flat  sheeting  and  the  round,  cylindrical 
cable  shape  in  an  effort  to  determine  the  effect  of  the  round  cable  shape  on  the 
abrasive  wear  rate  of  the  cable  jackets.  The  final  goal  is  to  develop  an  abrasion 
resistance  test  methodology  that  will  provide  a  quantifiable  measurement  of  the 
abrasion  resistance  of  the  manufactured  cable  jacket  material  in  order  to  com¬ 
pare  different  manufacturers'  cable  jackets. 


Chapter  2 

LITERATURE  SURVEY 
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Submarine  Cables 

The  deep  water  cables  laid  on  the  ocean  floor  are  subject  to  abrasion  and 
wear  caused  by  rubbing  against  sand,  rocks,  gravel,  and  crustaceous  matter. 
Ocean  currents  perpendicular  to  the  cable  can  cause  a  strumming  or  oscillatory 
motion  of  the  cable.  This  cable  motion  may  cause  rubbing  and  abrasion  to 
occur  at  the  stress  bearing  points  of  cable  lengths  that  are  suspended  between 
rock  outcroppings,  cliff  walls,  or  other  protuberances  on  the  sea  floor,  as  is 
shown  in  Figure  2.  The  Naval  Civil  Engineering  Laboratory  [7]  suspects  that 


Figure  2.  Illustration  of  cable,  deployed  on  the  sea  floor,  showing 
suspension  between  rocks  which  is  a  possible  abrasive  wear  mechanism. 
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abrasion,  caused  by  cable  strumming  and  rubbing,  is  a  likely  failure  mode  in 
submarine  cables. 

Expected  cable  failures  due  to  cable  strumming  and  rubbing  are  believed  to 
be  preceded  by  a  period  of  abrasion  due  to  the  cable's  motion  or  some  other 
cause.  The  expected  failure  occurs  when  the  abrasion  penetrates  through  the 
cable  jacket  to  the  underlying  steel  shield.  Any  through-the-jacket  damage  can 
allow  seawater  to  propagate  along  the  cable  around,  under  and  thru  the  steel 
shield  causing  corrosion  and  penetrations  or  holes  (leaks)  through  the  insula¬ 
tion.  Any  seawater  leakage  and  resulting  corrosion  can  eventually  cause  a  total 
system  failure  by  a  loss  of  electrical  continuity,  or  a  loss  of  insulation  (electrical 
isolation)  caused  by  a  seawater  leak  between  the  high-voltage  conductor  and 
surrounding  seawater,  or  a  decrease  in  cable  strength,  and  finally  total  failure  of 
the  cable's  integrity  [8]. 


Friction 

It  is  well  known  that  when  two  surfaces  are  brought  together  and  make  con¬ 
tact,  the  actual  area  of  contact  is  smaller  than  the  apparent  area  of  contact.  The 
actual  area  of  contact  is  also  called  the  real  area  of  contact.  The  surface  of 
either  material  can  be  thought  of  as  a  landscape  of  hills  and  valleys,  and  the 
hills,  or  asperities,  become  the  points  of  contact  forming  the  actual  or  real  area 
of  contact  between  the  two  surfaces  [9,  10,  11,  and  12]. 


10 


The  Coulomb  theory  of  friction,  which  is  based  on  the  mechanical  engage¬ 
ment  of  asperities  between  surfaces,  can  account  for  static  friction  but  does  not 
account  for  the  loss  of  energy  during  sliding.  When  two  materials  are  in  sliding 
contact,  the  asperities  of  one  surface  are  not  continually  ascending  the  asperities 
of  the  other  surface,  but  instead  must  first  ascend  one  side  and  then  descend  the 
other  side  of  the  asperity  [9]. 

In  contrast  to  the  Coulomb  friction  theory,  the  current  theory  of  friction  is 
based  on  adhesion  of  two  surfaces.  It  has  been  shown  that  when  two  chemically 
clean  and  molecularly  flat  mica  surfaces  (produced  by  cleaving)  are  brought  to¬ 
gether,  the  energy  required  to  recleave  the  mica  along  the  same  surfaces  is  only 
15%  less  than  the  energy  that  was  required  for  initial  cleavage.  Thus  it  is 
thought  that  when  two  surfaces  are  brought  together  and  make  contact,  defor¬ 
mation  of  the  asperities  occurs  and,  subsequently,  bonds  form  between  the 
contacting  asperities  of  the  two  surfaces.  The  adhesion  theory  of  friction  de¬ 
fines  the  force  due  to  friction  as  the  force  required  to  shear  the  bonded,  or  ad¬ 
hered,  asperities  [9]. 

However,  not  all  investigators  agree  with  the  adhesion  theory  of  friction. 
Bikerman  [10]  suggests  that  the  presence  of  weak  boundary  layers  of  air,  water, 
and  other  contaminants  prevents  adhesion  from  occurring  between  the  two  sur¬ 
faces.  He  states  that  friction,  instead  of  being  the  result  of  adhesion  between 
the  two  surfaces,  is  due  to  deformation  of  the  contacting  asperities.  However, 
as  has  been  shown  in  experiments  using  molecularly  flat  mica  surfaces,  D. 
Tabor  points  out  in  his  comments  to  Bikerman's  paper  that  even  with  the  pres¬ 
ence  of  an  adsorbed  monolayer  of  water  on  mica  surfaces,  adhesion  forces, 


although  small,  can  still  be  measured. 


Assuming  the  adhesion  theory  of  friction  to  be  correct,  the  friction  force  F  is 

related  to  the  shear  strength,  s,  of  the  weaker  material  and  the  real  area  of  con¬ 
tact  Ar  as 


F  =  s  Ar  . 

Sliding  of  one  surface  over  the  other  can  also  cause  the  asperities  of  both  mate¬ 
rials  to  shear  and  deform,  as  in  the  case  of  sliding  between  two  materials  of 
equal  shear  strengths  [11]. 

The  energy  associated  with  wear  is  generally  thought  to  consist  of  three 
types:  mechanical,  chemical,  and  thermal.  Mechanical  energy  is  the  energy  ex¬ 
pended  when  asperities  of  one  or  both  surfaces  are  deformed  due  to  shearing. 
For  contacting  materials  where  one  material  is  harder  or  has  a  greater  shear 
strength  than  the  other,  the  asperities  of  the  harder  material  plow  through  the 
asperities  of  the  softer  material.  Plowing  causes  deformation  of  the  softer  ma¬ 
terial  to  occur  and,  in  the  process,  expends  mechanical  energy  [11]. 

Chemical  energy  is  associated  with  the  work  done  in  breaking  the  inter- 
molecular  and  atomic  bonds  formed  between  the  contacting  surfaces.  The 
strongest  bonds  formed  are  the  covalent,  ionic,  or  metallic  bonds.  In  the  ab¬ 
sence  of  these  types  of  strong  bonds,  or  chemical  reactions  between  surfaces, 
Van  der  Waal’s  forces  must  still  be  overcome.  However,  Van  der  Waal’s  forces 
are  much  weaker  than  the  forces  developed  by  the  previous  three  bond  types 
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Thermal  energy  in  the  form  of  heat  is  generated  by  the  relative  motion  and 
friction  between  the  two  contacting  materials.  The  heat  generated  can  cause  lo¬ 
calized  melting,  welding,  swelling,  shrinking,  and  cracking  which  can  either  in¬ 
crease  or  decrease  the  friction  and  wear  between  the  materials,  in  addition  to 
being  a  mechanism  for  the  loss  of  energy  to  the  surroundings  [11]. 


Wear 

Wear  is  defined  as  the  accumulated  loss  of  material  due  to  the  relative  mo¬ 
tion  of  contacting  surfaces,  and  is  characterized  by  a  loss  of  material  volume  or 
a  change  in  the  surface  properties,  such  as  a  change  in  the  surface  roughness,  a 
change  in  the  surface  texture,  or  a  loss  of  optical  transparency  as  measured  by 
light  transmissivity  of  the  material.  Wear  is  a  complicated  phenomena  and  is 
often  caused  by,  or  the  result  of,  one  or  more  of  the  following  mechanisms:  ad¬ 
hesion,  tearing,  cutting,  plastic  deformation,  fatigue,  surface  fracture,  corrosion, 
and  melting.  Wear  usually  results  due  to  complex  combinations  of  the  above 
mechanisms,  and  rarely  results  from  only  one  of  the  mechanisms  alone  [11]. 

Wear  is  often  divided  into  two  broad  classifications:  mild  wear  or  severe 
wear  [12],  particularly  for  wear  of  metals.  The  classification  of  mild  versus  se¬ 
vere  wear,  although  widely  adopted  and  somewhat  useful  as  a  general  material 
selection  criteria  for  some  applications,  is  criticized  as  being  quite  arbitrary.  An 
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alternative  method  is  to  classify  wear  according  to  the  mechanism  involved, 
such  as  tearing,  spalling,  or  fracture  wear.  However,  wear  often  results  from 
more  than  just  one  isolated  mechanism,  and  thus  this  classification  becomes  dif¬ 
ficult  to  apply  when  more  than  one  wear  mechanism  is  a  significant  cause  of 
wear.  A  generally  accepted  and  more  descriptive  classification  of  wear  is  based 
on  the  presence  or  absence  of  abrasive  particles  within  the  wear  region.  Abra¬ 
sive  particles,  or  abrasives,  are  generally  considered  to  be  any  substance  that  is 
harder  than  the  material  that  is  subject  to  wear.  Using  this  classification 
method,  wear  is  classified  as  either  adhesive  or  abrasive  wear  [12]. 

Adhesive  wear,  often  called  sliding  wear,  is  defined  as  wear  that  occurs  due 
to  the  relative  motion  between  surfaces  without  abrasives,  or  abrasive  particles, 
in  the  contact  zone.  Abrasive  wear,  on  the  other  hand,  is  defined  as  wear  that 
occurs  due  to  the  relative  motion  between  surfaces  with  abrasives  in  the  contact 
zone.  Abrasive  wear  is  further  divided  based  on  the  type  of  abrasive:  loose 
abrasives,  bonded  abrasives,  and  erosive,  or  impact,  abrasives.  Adhesive  and 
abrasive  wear  are  both  affected  by  the  presence  of  lubricants,  the  nature  of  rela¬ 
tive  motion  (unidirectional  or  reciprocating),  the  combination  of  surface  condi¬ 
tions  (smooth  on  smooth,  rough  on  smooth,  or  rough  on  rough)  and  geometrical 
shape  (plane  on  plane,  cylinder  on  plane,  or  cylinder  on  cylinder),  and  the  types 
and  combinations  of  contacting  materials  [12]. 
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Abrasive  Energy  Density 

Energy  density,  when  defined  as  the  energy  expended  per  unit  area,  was  used 
to  evaluate  the  effectiveness  of  abrasives  for  removing  marine  fouling  from  a 
ship’s  hull  by  Sandwith  and  Breiwick  [13].  They  used  different  sizes  of  black- 
powder  charges  to  propel  abrasives  toward  a  hull.  The  area  of  impact  was  not 
constant,  but  instead  varied  with  the  type  of  abrasive,  amount  of  blackpowder 
used,  and  the  distance  between  the  hull  and  gun  barrel.  In  their  tests,  the  mini¬ 
mum  energy  density  indicated  the  optimum  parameters  to  remove  the  marine 
fouling  for  the  abrasives  tested.  When  cables  abrade,  however,  the  abraded  area 
may  not  remain  constant  due  to  the  cylindrical  cable  geometry.  Generally  the 
length  of  the  cable  abrasion  area  remains  constant;  thus  the  area  of  abrasion  is 
related  to  the  volume  of  abraded  material  by  the  width  of  the  abrasion  area.  For 
this  investigation  of  cable  abrasion,  abrasive  energy  density  is  defined  as  the 
energy  expended  divided  by  the  volume  of  material  removed. 


Polyethylene  Material  Properties 

Generally,  polymer  crystallinity  is  directly  related  to  density  and  molecular 
weight,  and  molecular  weight  is  inversely  related  to  the  polymer's  melt  index. 
Test  results  presented  by  Deanin  and  Patel  [14]  suggest  that  abrasion  resistance 
of  polyethylene  is  directly  related  to  indentation  resistance,  tensile  modulus, 
tensile  yield  strength,  and  ultimate  tensile  strength.  They  found  that 
polyethylenes  with  a  high  degree  of  crystallinity  had  greater  indentation  resis- 


15 


tance,  higher  tensile  modulus,  higher  tensile  yield  strength,  and  higher  ultimate 
tensile  strength  than  did  polyethylenes  with  a  lower  degree  of  crystallinity.  The 
polyethylenes  with  a  higher  degree  of  crystallinity  were  found  to  have  a  greater 
resistance  to  abrasion  than  the  polyethylenes  with  a  lower  degree  of  crys¬ 
tallinity.  Similarly,  they  found  that,  at  high  molecular  weight,  tear  strength  in¬ 
creased  with  crystallinity  and  tear  strength  is  directly  related  to  abrasion  resis¬ 
tance.  A  Tabor  Abraser  and  weight  loss  due  to  abrasion  were  used  to  test  and 
measure  the  abrasion  resistance  of  the  polyethylene  flat  sheet  specimens. 

Professor  Sandwith  [15]  believes  that  toughness  of  the  material  may  be  an 
important  factor  in  abrasion  resistance.  Deanin  and  Patel  found  that  elongation 
was  not  related  to  wear  resistance,  but  tear  strength  and  ultimate  tensile  strength 
were  both  directly  related  to  abrasion  resistance.  This  tends  to  support  the  be¬ 
lief  that  toughness  of  the  material  may  have  a  direct  impact  on  abrasion  resis¬ 
tance. 

Deanin  and  Patel  found  very  little  correlation  between  the  coefficient  of  fric¬ 
tion  of  the  polyethylene  and  its  structure,  properties,  or  abrasion  resistance. 
They  used  ASTM  D1894,  a  standard  test  method  for  plastic  on  plastic,  to  make 
their  coefficient  of  friction  measurements.  They  contributed  the  lack  of  a  pro¬ 
portional  relation  between  coefficients  of  friction  and  the  polyethylene’s  struc¬ 
ture,  properties,  and  abrasion  resistance  to  possible  “unknown  compounding 
additives  or  low-molecular-weight  waxy  fractions.”  Both  additives  and  waxy 
fractions  can  greatly  affect  the  abrasion  resistances  and  frictional  properties  of 
polymers.  In  their  tests  Deanin  and  Patel  were  using  resilient  abrasive  wheels 
(abrasive  particles  in  a  elastomeric  bonding  matrix)  to  wear  the  polyethylene. 
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Bahadur  and  Tabor  [16]  have  investigated  the  role  of  fillers  and  thin  transfer 
films  on  the  frictional  coefficients  and  wear  rates  of  high-density  polyethylene 
(HDPE).  Their  results  show  that,  depending  on  the  filler  used,  the  wear  of 
HDPE  can  change  dramatically.  Some  fillers,  such  as  CuS  in  a  30%  CuS  to 
70%  HDPE  ratio,  drastically  reduced  the  wear  rate  of  HDPE  sliding  on  a  rough 
steel  surface  without  affecting  the  HDPE-on-steel  coefficients  of  friction. 
Other  fillers,  such  as  polar  graphite,  caused  an  increase  in  both  friction  and 
wear.  They  found  that  the  addition  of  wear-rate-reducing  fillers  actually 
strengthened  the  HDPE,  which  resulted  in  lower  wear  rates.  Toughness  values 
of  the  strengthened  HDPE  were  not  reported. 

The  role  of  dry  or  wet  conditions  on  wear  produced  in  ultra-high  molecular 
weight  polyethylene  (UHMWP)  sliding  against  stainless  steel  with  different  sur¬ 
face  roughness  values  was  investigated  by  Dowson  et  al.  [17].  In  the  wet  con¬ 
dition  tests,  the  test  surfaces  were  submerged  in  distilled  water.  They  found  the 
presence  of  distilled  water  inhibited  the  formation  of  a  transfer  film  (a  thin  layer 
of  abraded  material  that  adheres  to  the  abrading  surface),  which  caused  an  in¬ 
crease  in  wear  factors  compared  to  the  dry  condition  tests.  Dowson  et  al.  used 
wear  factors,  defined  as  the  volume  loss  due  to  wear  divided  by  the  energy  ex¬ 
pended  (inverse  energy  density),  to  present  their  wear  data  and  results.  A  larger 
wear  factor  represents  a  greater  amount  of  wear  when  the  energy  expended  is 
equal. 
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Taber  Abraser 

The  Taber  Abraser  is  a  standardized  test  instrument  used  for  evaluating  the 
abrasion  resistance  of  sheet  materials.  The  test  material  is  placed  on  a  platform 
that  is  attached  to  a  motor.  The  motor  rotates  the  platform,  or  turntable,  at  a 
constant  angular  velocity.  Two  abrasive  wheels,  each  mounted  on  an  indepen¬ 
dent  pivoting  arm,  contact  the  test  material,  as  shown  in  Figure  3.  Figure  3  is  a 
picture  of  the  two-station  Taber  Abraser,  model  5150,  as  modified  to  accept 
cable  specimen  thicknesses.  The  turntable  shown  on  the  right-hand  station 
contains  the  HDPE  sheet  specimen,  and  the  turntable  on  the  left-hand  station 
contains  cable  specimens. 

Weights  can  be  added  to  the  pivoting  arms  to  set  the  normal  force  exerted  by 
the  abrasive  wheels  onto  the  test  material.  The  rotation  of  the  turntable  pro¬ 
duces  rotation  of  the  abrasive  wheels,  but,  due  to  the  location  of  the  contact 
point  between  the  abrasive  wheels  and  the  turntable,  sliding  also  occurs  be¬ 
tween  the  wheels  and  the  test  material,  producing  abrasion  and  wear. 

The  Taber  Abraser  is  used  in  several  standard  test  methods  as  prescribed  by 
the  American  Standards  for  Tests  and  Materials:  ASTM  F510-81,  Resistance  to 
Abrasion  of  Resilient  Floor  Coverings;  ASTM  D4060-90,  Abrasion  Resistance 
of  Organic  Coatings  by  the  Taber  Abraser;  and  ASTM  D1 044-91,  Test  for  Re¬ 
sistance  of  Transparent  Plastics  to  Surface  Abrasion.  The  Taber  Abraser  is  also 
used  to  evaluate  the  wear  resistance  of  wire  coatings,  fabric,  concrete,  and 
paint.  Recently  and  in  contrast  to  its  previous  uses,  the  Taber  Abraser  has  been 
used  to  evaluate  the  abrasion  resistance  of  cable  jacket  materials. 
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Figure  3.  Modified  Taber  Abraser,  model  5150,  fitted  with  turntables 
and  abrasive  wheels. 


Sandwith  et  ah  [18]  investigated  the  use  of  a  slightly  modified  Taber  Abraser 
to  evaluate  the  abrasion  resistance  of  cable  jackets.  Their  long-term  objective 
was  to  develop  a  standard  test  method  to  measure  and  compare  cable  jacket 
abrasion  resistance.  They  determined  that  the  Taber  instrument  could  be  used 
to  evaluate  the  cables’  abrasion  resistances;  however,  the  procedures  used  with 
the  modified  Taber  Abraser  needed  refining  in  order  to  produce  a  “useful  stan¬ 
dard  test.”  Each  cable  specimen's  particular  abrasion  location(s)  had  a  particu¬ 
lar,  individual  relative  motion  with  respect  to  the  abrasion  wheel  axis  of  rota¬ 
tion;  thus  an  abrasion  orientation-rotation  pattern  resulted  on  the  cable  speci- 
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mens  within  the  individual  cable  rafts.  They  attributed  the  variations  in  results 
they  encountered  to  the  complex  orientation-rotation  pattern  and  the  variations 
of  the  abrasion  location  lengths  on  the  cable  specimens  between  cable  rafts. 

The  experimental  results  and  analysis  by  Sandwith  et  al.  produced  more 
complicated  questions  than  they  answered.  For  example,  how  does  the  non-flat, 
unsymmetrical  surface  of  the  raft  affect  wear  by  abrasion?  In  addition,  the  ef¬ 
fects  of  the  cables'  cylindrical  shape  on  the  wear  rate  of  the  cable  jacket  were 
not  completely  explained.  The  impetus  for  the  current  thesis  comes  directly 
from  the  problems  experienced  during  the  investigation  conducted  by  Sandwith 
et  al.  This  thesis  attempts  to  determine  the  effect  of  the  round,  cylindrical 
shape  of  the  cables  on  the  wear  rates  produced  by  the  Taber  Abraser  on  the  ca¬ 
ble  jackets.  In  addition,  this  thesis  compares  the  effects  of  dry  and  wet  condi¬ 
tions  on  the  wear  rate,  examines  the  effects  due  to  the  HDPE  buildup  on  the 
abrasive  wheels,  and  investigates  the  relationship  between  the  coefficient  of 
friction  and  energy  density  in  producing  a  specific  wear  rate. 
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Chapter  3 
EXPERIMENT 
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Objective 

The  experiments  in  this  thesis  are  designed  to  measure  the  wear  rates  of  the 
HDPE  cable  jacket  when  using  a  standardized  test  instrument.  The  wear  rates 
of  the  cable  samples  are  compared  with  the  wear  rates  of  flat  sheet  HDPE  in  an 
effort  to  separate  the  wear  effects  due  to  the  different  surface  goemetries:  the 
flat,  even  surface  of  the  flat  sheets  versus  the  non-flat,  uneven  surface  of  the 
cable  rafts.  In  order  to  meaningfully  compare  the  results  between  the  flat  sheet 
and  cable  jacket  specimens,  the  hardness  of  the  different  materials  is  measured. 

The  wear  rates  of  the  cable  specimens  are  compared  between  dry  and  wet 
abrasion  test  conditions.  Dry  abrasion  test  conditions  refer  to  abrasion  tests 
conducted  in  air  at  room  temperature  and  humidity.  Wet  abrasion  test  condi¬ 
tions  refer  to  abrasion  tests  conducted  with  the  cable  specimens  immersed  in 
room  temperature  distilled  water  during  the  abrasive  wear  test  cycles.  The  pur¬ 
pose  of  the  wet  condition  tests  is  to  determine  if  an  increase  or  decrease  in  wear 
rates  results  due  to  the  cables  immersion  in  water. 

Then,  to  determine  the  power  density,  or  energy  per  unit  volume  of  abraded 
material,  the  coefficients  of  friction  are  measured  for  the  flat  sheet  and  cable 
jacket  materials  in  contact  with  the  two  types  of  abrasive  wheels.  Using  the 
measured  coefficients  of  friction,  the  energy  density  is  calculated  based  on  a 
defined  hypothesis.  In  the  following  sections,  the  test  samples  will  be  identi¬ 
fied,  the  test  instruments  and  apparatus  will  be  described,  the  energy  density 
formulation  and  calculation  will  be  illustrated,  and  the  experiment  procedures 
will  be  detailed. 
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Specimen  Materials  and  Preparation 

The  cables  used  in  this  thesis  for  all  cable  jacket  abrasion  and  wear  tests  were 
received  by  Professor  Colin  J.  Sandwith,  at  the  Applied  Physics  Laboratory- 
University  of  Washington,  in  March  1991  from  Simplex,  Incorporated,  as  part 
of  the  research  funded  under  SPAWAR  contract  N00039-91-C-0072.  Mea¬ 
surements  made  of  the  cable's  cross-section  were  within  the  nominal  dimen¬ 
sions  as  specified  in  SPAWAR-C-833D  Cable,  Fiber  Optic,  Deep  Water  Trunk 
[19],  and  as  shown  in  Figure  4. 


Figure  4.  Nominal  dimensions  of  submarine  cable  used  in  the  abrasion 
and  wear  tests  on  cable  specimens. 
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The  HDPE  sheeting,  used  in  the  flat  sheet  abrasion  and  wear  tests,  was  re¬ 
ceived  from  Boedeker  Plastics,  Incorporated,  Shiner,  Texas,  on  June  30,  1991, 
and  is  l/8in.  thick  and  opaque  white.  Using  a  band  saw,  five-inch  diameter 
specimens  were  cut  out  of  the  0.125in.  nominal  thickness  HDPE  sheeting.  The 
material  properties  of  the  HDPE,  as  provided  by  Boedeker  Plastics  [20],  are 
given  in  Table  1. 


Table  1.  Material  Properties* *  of  Opaque  White,  l/8in.  HDPE 
Sheeting.  


Density,  g/cm3  0.955 

Tensile  yield  strength,  psi  4,600 

Tensile  elongation  at  yield,  %  900 

Flexural  modulus,  psi  200,000 

Hardness,  Shore  D  69 


*As  provided  by  Boedeker  Plastics,  Inc. 


Test  Apparatus 

Durometer 

Hardness  tests  were  conducted  as  specified  in  ASTM  D  2240  using  a  Shore 
Instrument  and  Manufacturing  Company,  Incorporated,  Durometer  Type  D, 
model  XDMXHAF  durometer,  serial  number  97988.  This  model  of  durometer 
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has  a  0.5in.  diameter  foot,  with  a  sharp  30°  included  angle  indenter  with  a 
0.004±0.0005in.  indenter  tip  radius,  and  is  made  to  conform  with  ASTM  D 
2240.  The  Shore  durometer  comes  equipped  with  a  calibration  test  block.  If 
the  durometer  is  properly  calibrated,  it  will  measure  a  hardness  of  50  (on  a  scale 
of  100)  when  used  with  the  calibration  block.  This  model  of  durometer  has  an 
indicator  needle  that  holds  the  maximum  reading  obtained  during  each  hardness 
test. 

All  values  reported  in  the  results  section  of  this  thesis  are  the  maximum 
reading  values  obtained,  using  the  hand-held  durometer,  because  of  the  vis¬ 
coelastic  nature  of  HDPE.  This  viscoelastic  property  allows  the  HDPE  to  creep 
and  flow  away  from  the  hardness  indenter,  which  causes  the  hardness  reading 
from  the  durometer  to  decrease  with  the  length  of  time  of  applied  pressure  from 
the  hardness  indenter.  Prior  to  conducting  hardness  tests,  the  durometer's  cali¬ 
bration  was  verified  using  the  calibration  test  block  supplied  by  the  manufac¬ 
turer,  and  a  proper  measurement  of  50  was  obtained.  The  hardness  test  speci¬ 
mens  were  conditioned  at  room  temperature  and  standard  atmospheric  pressure 
in  accordance  with  standardized  test  procedures. 


Taber  Abraser  instrument 

The  Taber  Abraser  model  5150  used  in  the  experiments  is  a  standard  indus¬ 
trial  instrument  used  to  test  the  abrasion  resistance  of  flat  sheet  materials.  The 
sheet  material  is  secured  to  a  motor  driven  platform,  or  turntable.  Abrasive 
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wheels  are  mounted  on  each  of  two  individually  pivoting  arms  and  contact  the 
turntable  at  symmetric  points.  Two  types  of  abrasive  wheels  with  different 
abrasive  sizes  were  used:  Calibrase  H-18  vitrified  180  grit  and  Calibrase  H-22 
vitrified  80  grit.  Weights,  attached  to  the  pivoting  arms,  set  the  nominal  normal 
force  applied  by  the  abrasive  wheels  to  the  test  substrate.  In  order  to  accom¬ 
modate  cable  specimens  the  standard  turntable  and  pivoting  arms  have  been 
modified  to  accept  specimens  up  to  20.0mm  in  thickness.  The  Taber  Abraser 
instrument  removes  the  loose  abraded  material  by  means  of  two  vacuum  noz¬ 
zles.  The  two  vacuum  nozzles  suck  the  loose  material  from  the  specimens.  The 
nozzles  are  located  such  that  the  bulk  of  the  loose  debris  is  removed  after  con¬ 
tact  between  the  specimen  and  an  abrasive  wheel  and  prior  to  the  next  contact. 
During  wet  abrasion  test  conditions,  the  vacuum  nozzles  are  deactivated.  The 
accumulation  of  abrasive  particles  is  prevented  by  changing  the  water  used 
during  the  tests.  The  water  is  changed  every  time  the  abrasive  wheels  are  ex¬ 
changed  with  new  or  resurfaced  wheels. 

A  plan  view  of  the  turntable,  including  the  contact  locations  of  the  abrasive 
wheels,  is  shown  in  Figure  5.  Point  O  is  the  turntable  rotation  axis.  Point  Cl  is 

the  assumed  turntable  contact  point  for  the  left-hand  abrasive  wheel  and  point 
Cr  is  the  assumed  turntable  contact  point  of  the  right-hand  abrasive  wheel. 
Because  the  abrasive  wheels  have  a  finite  width,  the  contact  points  Cl  and  Cr, 

as  shown  in  Figure  5,  are  assumed  to  be  at  the  midpoint  of  the  abrasive  wear 
path. 

The  abrasive  wheel  forces,  Fr  and  Fr,  acting  on  the  turntable  are  shown,  in 
Figure  5,  at  the  contact  points  Cr  and  Cr  between  the  abrasive  wheels  and  the 
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Figure  5.  Contact  points  and  forces  acting  on  the  turntable  platform. 

turntable.  Also  shown  are  the  force  components,  relative  to  a  local  x-y  coor¬ 
dinate  system  as  shown  in  Figure  5  with  the  origin  at  point  O,  of  the  resultant 
forces  Fr  and  Fr. 

The  y-components  of  F^  and  Fr  represent  the  reactions  of  the  force  compo¬ 
nents  that  result  in  the  abrasive  wheels'  rotation.  Because  the  abrasive  wheels 
are  supported  by  roller  and  thrust  bearings,  rotational  drag  is  assumed  to  be 
negligible  compared  to  the  applied  static  rolling  friction  forces.  Therefore  rota¬ 
tion  of  the  abrasive  wheels  is  produced  by  static  rolling  friction;  thus  the  y-com¬ 
ponents  are  due  primarily  to  static  friction  forces,  and  are  labeled  as  fs. 

The  rotation  of  the  turntable  causes  an  abrasive  rubbing  action  between  the 
sheet  material  and  the  abrasive  wheels  because  the  abrasive  wheels'  bearing  ro¬ 
tation  axis  is  perpendicular  to  the  y-axis  and  is  a  finite  distance  along  the  y-axis 
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away  from  the  center  of  the  turntable  (point  O).  The  x-components  of  and 
Fr  are  the  force  components  that  result  from  sliding.  The  x-components  are 

therefore  due  to  sliding  kinetic  friction  forces  applied  to  the  turntable  by  the 
abrasive  wheels,  and  are  labeled  as  f^. 

The  abrasion  and  wear  produced  by  the  rolling  (static)  friction  forces  be¬ 
tween  the  abrasive  wheels  and  the  specimen  are  assumed  to  be  negligible  com¬ 
pared  to  the  abrasion  and  wear  associated  with  the  sliding  motions  and  kinetic 
friction  forces.  The  sliding  of  the  abrasive  wheel's  surface  particles  produces 
cutting,  deformation,  shear,  tearing,  and  fracture  of  the  HDPE  due  to  the  plow¬ 
ing  of  the  abrasive  particles  into  and  through  the  HDPE.  These  mechanisms  of 
abrasion  produce  greater,  faster  wear  rates  (an  order  of  magnitude,  or  more, 
greater)  as  compared  to  the  fatigue  mechanism  of  wear  which  is  the  primary 
wear  mechanism  associated  with  rolling  of  the  abrasive  wheels. 


Friction  force  measurement  apparatus 

The  friction  between  the  abrasive  wheels  and  the  specimens  is  a  combination 
of  static  and  kinetic  friction.  At  no  time,  during  an  abrasive  test  when  the  abra¬ 
sive  wheel  is  in  contact  with  the  test  specimen  and  the  turntable  is  rotating,  does 
either  pure  static  friction  or  pure  kinetic  friction  exist.  Both  types  of  friction  are 
coupled,  due  to  the  design  of  the  Taber  instrument.  Generally,  the  static  friction 
produces  the  rotation  of  the  abrasive  wheels  and  the  kinetic  friction  produces 
the  abrasion  and  wear  of  the  test  specimen's  surface. 
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Due  to  the  design  of  the  Tabor  instrument  and  cylindrical  shape  of  the  cable 
specimens,  contact  between  the  abrasive  wheel  and  cable  specimen  varies  in 
width.  At  the  beginning  of  each  abrasion  test,  the  contact  varies  from  nearly  a 
point  to  the  full  width  of  the  abrasive  wheel,  depending  on  the  angle  of  attack, 
or  angle  of  contact,  formed  between  the  cable's  longitudinal  axis  and  the 
abrasive  wheel's  rotational  axis.  Nearer  to  the  end  of  the  abrasion  test,  the 
contact  continues  to  vary  from  the  width  of  the  abrasion  area  (which  is  a 
function  of  the  depth  of  abrasion)  to  the  width  of  the  abrasive  wheel.  The 
varying  contact  point  between  the  abrasive  wheel  and  cable  specimen  causes  the 
direction  of  the  vector  representing  the  frictional  force  to  also  vary  slightly,  de¬ 
pending  on  the  angle  between  the  longitudinal  axis  of  the  cable  specimen  and 
the  rotational  axis  of  the  abrasion  wheel. 

Because  of  the  variations  in  contact  areas  and  frictional  force  directions,  and 
because  standardized  friction  measurement  methods  are  not  readily  adaptable 
for  use  with  the  cable  specimens,  an  effective  coefficient  of  friction  is  calcu¬ 
lated  from  frictional  forces  that  are  measured  using  the  apparatus  sketched  in 
Figure  6.  The  effective  coefficient  of  friction  calculation  neglects  energy  losses 
and  fluctuations  from  any  slight  frictional  force  directional  variations  and  tem¬ 
perature  fluctuations. 

The  effective  coefficient  of  kinetic  friction  is  calculated  from  measurements 
of  the  force  required  to  just  stop  and  prevent  further  abrasive  wheel  rotation  as 
produced  by  the  rotating  turntable.  Once  the  abrasive  wheel  has  stopped,  only 
sliding,  or  kinetic,  friction  is  occurring;  thus  an  effective  sliding,  or  kinetic,  fric¬ 
tion  force,  which  produces  the  primary  abrasive  mechanisms,  can  be  measured. 
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Figure  6.  Friction  force  measurement  apparatus. 


Wear  depth  measurement  stand 

Wear  depth  measurements  are  macroscopic  measurements  of  the  thickness  of 
material  removed  by  the  abrasive  wheels.  These  measurements  are  a  quantita¬ 
tive  measure  of  the  abrasion  and  wear  that  the  cable  jackets  are  subjected  to  in  a 
specific  number  of  turntable,  or  abrasion,  cycles.  Every  5000  turntable,  or  abra¬ 
sion,  cycles  is  referred  to  as  an  abrasion  period.  The  actual  thickness  of 
material  removed,  or  depth  of  wear,  per  abrasion  period  is  calculated  by 
subtracting  the  wear  depth  measurement  made  at  the  end  of  the  previous 
abrasion  period  from  the  wear  depth  measurement  made  at  the  end  of  the 
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current  abrasion  period. 

Wear  depth  measurements  are  made  using  a  dial  micrometer  attached  to  a 
rigid  stand  and  platform.  Initial  depth  measurements  are  recorded  when  the 
specimens  are  first  loaded  and  secured  into  the  modified  Tabor  turntables.  The 
initial  measurements  provide  a  zero  wear  depth,  or  initial  depth,  point  of  refer¬ 
ence.  This  initial  depth  measurement  is  subtracted  from  the  depth  measurement 
made  at  the  end  of  the  first  abrasion  period  to  find  the  wear  depth  of  the  first 
abrasion  period. 

Because  of  the  round  cylindrical  geometry  of  the  cable  specimens,  the 
turntables  and  the  measurement  platform  are  indexed  with  marks  corresponding 
to  the  turntable  position  at  which  the  micrometer  stem  contacts  the  highest  point 
on  each  cable’s  abrasion  locations.  Shown  in  Figure  7  is  the  depth 
measurement  apparatus.  Notice  the  index  marks  along  the  lower  edge  of  the 
turntable.  Subsequent  to  the  initial  depth  measurements,  wear  depth  measure¬ 
ments  are  taken  at  the  locations  on  the  turntable  indicated  by  the  indexing 
marks.  The  wear  depth  is  then  recorded  at  the  end  of  each  abrasion  cycle  until 
the  wear  test  is  completed. 

The  dial  micrometer,  a  Mitutoyo  model  number  2904  mounted  to  a  Mitutoyo 
model  701 1  -S  magnetic-base  instrument  stand,  measures  the  depth  in  O.OOlin. 
increments,  on  a  scale  of  0.000-1 .000in.  Twelve  individual  readings  are  taken 
for  each  abrasion  cycle  to  an  accuracy  of  ±0.0005in.  In  accordance  with 
standard  abrasive  wear  procedures,  the  readings  for  each  abrasion  cycle 
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are  averaged  over  all  measurement  locations  in  order  to  produce  the  average 
wear  rates. 


Figure  7.  The  measurement  stand  and  dial  micrometer  used  for  wear 
depth  measurements. 
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Procedures 

Specimen  preparation 

The  cables  were  received  from  the  manufacturer  in  approximately  30in.  di¬ 
ameter  coils.  The  cables  were  first  uncoiled  (generally  straightened)  and  were 
then  cut,  using  an  air-powered  abrasive  wheel  cutter,  to  make  specimens,  five 
inches  in  length  (±0.25in.),  which  then  fit  onto  the  turntable.  The  use  of  the 
abrasive  wheel  cutter  raised  concerns  regarding  the  heat  it  generated  in  the 
metal  structures  of  the  cables.  The  heat  generated,  if  allowed  to  raise  the  tem¬ 
perature  of  the  entire  cable,  could  cause  melting  to  occur  in  the  HDPE  cable 
jackets.  Therefore,  each  cut  of  the  cable  was  followed  by  a  five  minute  waiting 
period  which  allowed  the  cable  to  cool  and  prevented  a  significant  rise  in  the 
overall  temperature  of  the  cable.  In  order  to  reduce  any  effects  due  to  localized 
melting  of  the  HDPE  around  specimen  ends,  the  cut  ends  of  the  cable  are  lo¬ 
cated  at  least  one  inch  from  the  abrasion  regions,  or  areas.  Thus  there  should 
be  little  effect  on  the  abrasion  behavior  of  the  cable  jacket  due  to  any  localized 
melting  of  the  HDPE  jacket  that  occurred  directly  at  the  cut  ends  of  the  speci¬ 
mens. 

Six  specimens  are  then  placed  onto  the  turntable.  The  line  of  contact  formed 
by  the  contacting  sides  of  the  two  center  specimens  is  used  to  position  the  cen¬ 
ter  two  specimens  so  that  this  line  of  contact  lies  over  the  diametric  centerline 
of  the  turntable.  The  remaining  four  specimens  are  packed,  two  to  each  side  of 
and  next  to  the  two  center  specimens,  as  tightly  as  possible  by  hand.  The 
specimen  retaining  ring  is  then  fastened  down  with  screws  in  order  to  tightly 
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hold  the  specimens  in  position.  The  specimen  retaining  ring  is  a  metal  ring  that 
is  fastened  to  the  top  of  the  turntable  with  four  screws  and  is  used  to  hold  the 
test  specimens  rigidly  in  position. 


Friction  force  measurements 

The  sliding  friction  force  is  measured  using  a  line  secured  to  and  wrapped 
around  the  abrasive  wheel  retaining  nut.  The  line  is  run  over  a  low  friction 
pulley  and  the  free  end  is  attached  to  a  free-hanging,  adjustable  weight,  as 
shown  in  Figure  6.  The  turntable  rotation  is  started  with  the  abrasive  wheel  in 
contact  with  the  test  specimen.  Then  the  stopping  force  weight  is  slowly  in¬ 
creased  until  the  abrasive  wheel's  rotation  is  stopped,  and  the  turntable  contin¬ 
ues  to  rotate  at  constant  angular  velocity.  The  weight  required  to  prevent  the 
abrasive  wheel  rotation  is  measured  using  a  Sartorius  electronic  scale,  to  ±0.0 lg 
precision. 

The  friction  test  is  repeated  several  times  for  each  specimen,  abrasive  wheel, 
and  test  condition.  The  coefficients  are  calculated  for  resurfaced,  or  new, 
wheels  and  for  used,  or  “full,”  wheels.  Used,  or  “full,”  wheels  are  abrasive 
wheels  that  have  been  subjected  to  abrasive  cycle  use  and  the  buildup  of  HDPE 
has  not  been  removed.  Figure  8  shows  a  new  abrasive  wheel  and  a  used,  or 
“full,”  abrasive  wheel.  The  used  wheel  has  been  subjected  to  5000  turntable 
cycles  of  abrasion  on  cable  specimens. 


Figure  8.  New,  resurfaced,  abrasion  wheel  (left)  and  used  abrasion  wheel 
(right).  Used  wheel  was  subjected  to  5000  turntable  cycles. 

After  the  initial  test,  each  subsequent  test  is  considered  a  valid  test  only  if  the 
contact  point  is  at  a  different  location  on  the  abrasive  wheel  from  any  of  the 
previous  tests.  This  prevents  any  significant  buildup  of  HDPE  from  occurring 
in  any  one  location  on  the  abrasive  wheel,  which  could  result  in  a  lowering  of, 
or  decrease  in,  the  measured  stopping  force  weight  (due  to  a  lower  coefficient 
of  friction  between  HDPE  and  HDPE  than  between  abrasive  and  HDPE). 
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Wear  depth  measurements 

The  turntable,  containing  the  specimens,  is  placed  on  the  depth  measurement 
stand,  as  was  shown  previously  in  Figure  7.  The  turntable  is  rotated,  by  hand, 
and  measurements  are  made  of  the  initial  maximum  heights  of  the  cable  speci¬ 
mens  at  each  abrasion  location.  These  initial  measurements  become  the  initial 
depth  measurements,  or  zero-abrasion-depth  measurements.  The  turntable  is 
indexed,  during  the  cable  measurements,  to  the  measurement  platform's  refer¬ 
ence  mark.  The  turntable  is  therefore  marked  with  each  measurement  location 
corresponding  to  the  maximum  initial  heights  of  the  cable  at  each  abrasion  lo¬ 
cation.  All  measurements  are  recorded  to  an  accuracy  of  ±0.0005in.,  using  the 
dial  micrometer. 

Next,  the  turntable  and  specimens  are  placed  on  the  Taber  instrument.  New, 
or  resurfaced,  abrasive  wheels  are  mounted  and  the  Taber  Abrader  is  pro¬ 
grammed  for  the  number  of  complete  revolutions  (cycles)  of  the  turntable  that 
is  to  occur.  The  number  of  turntable  cycles,  the  type  and  identifying  number  of 
abrasive  wheels,  the  date,  and  the  start  time  are  recorded.  The  vacuum  nozzles 
are  adjusted  so  that  there  is  adequate  clearance  between  the  nozzles  and  the 
specimens  and,  just  prior  to  initiating  the  abrasion  test,  the  abrasive  wheels  are 
lowered  onto  the  test  specimens  and  the  Taber  Abraser's  motor  is  started  (the 
motor  rotates  the  turntable). 

Two  methods  are  used  to  determine  when  to  replace  a  set  of  abrasive  wheels 
with  a  “new,”  or  resurfaced,  set.  In  the  first  method,  referred  to  as  the  wear  cri¬ 
terion,  the  abrasive  wheels  are  replaced  only  when  the  change  in  wear  depth,  at 
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half  of  the  wear  measurement  locations,  is  less  than  0.001  in.  In  the  second 
method,  referred  to  as  the  cycle  criterion,  the  abrasive  wheels  are  replaced  after 
every  5000  turntable  revolutions,  regardless  of  the  amount  of  wear  that  oc¬ 
curred  during  the  abrasion  cycle.  Thus  for  the  cycle  criterion,  each  abrasion 
cycle  of  5000  turntable  revolutions  begins  with  a  new  set  of  abrasive  wheels. 

The  wear  criterion  was  used  in  a  previous  study  by  Sandwith  et  al.  [18]  but  I 
suspected  that  this  method  of  changing  the  abrasive  wheels  may  have  been  a 
contributing  cause  to  their  enigmatic,  or  unexplained,  variations  in  results  be¬ 
cause,  after  performing  several  tests  using  the  wear  criterion,  I  noticed  that  the 
wear  rates  observed  with  new,  or  resurfaced,  abrasive  wheels  were  higher  than 
with  wheels  that  had  buildups  of  HDPE  adhered  to  the  abrasive  surface.  It  ap¬ 
peared  that  there  were  distinct  periods  of  high  wear  rates  followed  by  decreas¬ 
ing  wear  rates  that  kept  repeating  at  varying  intervals  throughout  the  test.  The 
repetition  of  high-to-low  wear  rates  could  be  correlated  with  the  changing  of  the 
abrasive  wheels.  Thus  I  investigated  the  effect  of  the  HDPE  buildup,  or  filling 
of  the  abrasive  wheels,  on  the  wear  rates. 

The  cycle  criterion  was  developed  as  a  means  of  changing  the  abrasive 
wheels  in  a  more  consistent  manner  and  as  an  effort  to  produce  fewer  unex¬ 
plained  variations  in  results.  The  number  of  abrasion  cycles  per  abrasion  period 
and  abrasive  wheel  was  set  to  5000  cycles,  because  this  number  of  cycles  had  a 
high  wear  rate  but  did  not  require  resurfacing  the  abrasive  wheels  an  excessive 
number  of  times. 
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At  the  end  of  the  abrasion  period  the  turntable  is  removed  from  the  Taber 
instrument  and  placed  on  the  measurement  platform.  Measurements  of  the 
wear  depth  are  recorded  and,  depending  on  the  criteria  being  used  for  replacing 
the  abrasive  wheels  (either  the  wear  criterion  or  the  cycle  criterion)  during  a 
particular  test,  the  abrasive  wheels  are  either  left  on  the  instrument  or  replaced 
with  resurfaced  abrasive  wheels,  and  the  abrasion  test  is  continued.  The  test 
procedure  is  repeated  for  a  minimum  of  30,000  turntable  revolutions  for  all 
specimens. 

For  the  wet  condition  tests,  the  procedure  remains  the  same  except  the  vac¬ 
uum  nozzles  are  disconnected  and  distilled  water  is  added  to  completely  sub¬ 
merge  the  cable  specimens.  The  distilled  water  is  added  to  the  wet-test 
turntable  immediately  before  placing  the  abrasive  wheels  in  contact  with  the  test 
specimens.  The  wet  test  turntable  accepts  the  same  size  of  test  specimens  and 
uses  a  specimen  retaining  ring  to  securely  hold  the  specimens,  but  has  an  addi¬ 
tional  feature  compared  to  the  dry-test  turntables:  a  lip,  or  wall,  along  the  out¬ 
side  edge  of  the  turntable  that  makes  a  water-tight  connection  to  the  rubber  seal 
placed  under  the  specimen  retaining  ring.  After  every  5000  turntable  cycles,  the 
distilled  water  is  removed  from  the  turntable  and  replaced  with  clean  distilled 
water  before  restarting  the  test.  The  abrasive  wheels  are  replaced  with  resur¬ 
faced  wheels,  using  the  cycle  criterion,  after  every  5000  turntable  cycles  for  all 
wet  condition  wear  tests. 
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Abrasive  wheel  resurfacing 

The  abrasive  wheels  are  resurfaced  after  each  use  on  the  Taber  Abraser  in¬ 
strument.  The  resurfacing  procedure  consists  of  mounting  the  pair  of  abrasive 
wheels  on  a  mandrel  which  is  inserted  into  the  chuck  of  a  lathe.  Then  the 
HDPE  buildup,  along  with  a  layer  of  the  abrasive  wheels,  is  removed  using  a  di¬ 
amond-tipped  facing  tool.  A  thin  layer  of  material  is  removed  by  slowly  moving 
the  facing  tool  back  and  forth  across  the  surfaces  of  the  rotating  abrasive  wheels 
until  the  tool  is  no  longer  dressing,  or  removing  material  from,  the  abrasive 
wheels.  Successive  thin  layers  of  material  are  removed  from  the  abrasive 
wheels  until  a  uniform  coloring  of  the  working  surfaces  is  observed  visually. 
According  to  the  Taber  Abraser  manufacturer  [21],  this  uniform  coloring  indi¬ 
cates  that  the  abrasive  wheel  working  surfaces  have  been  completely  renewed. 
Generally  during  the  abrasive  wheel  resurfacing  procedure,  the  total  thickness 
of  material  removed  is  approximately  0.010in.-0.015in.  The  diameter  of  each 
abrasive  wheel  is  recorded  before  and  after  each  refacing  procedure. 


Calculations 

Effective  coefficient  of  friction 

The  coefficient  of  kinetic,  or  sliding,  friction,  Hk,  is  defined  as  the  ratio  of 
the  force,  F^,  required  to  maintain  an  object's  constant  sliding  velocity  divided 
by  the  normal  force,  G,  applied  by  that  object  to  the  surface  on  which  it  is 
moving  [22],  Symbolically,  this  relation  is  expressed  as 
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FK 

^K=  G  • 

The  stopping  weight  produces  a  tension  in  the  line,  which  is  wrapped  around 
the  retaining  nut  as  shown  in  Figure  6;  therefore  a  moment  balance  is  used  on 
the  abrasive  wheel  to  find  the  force,  equivalent  to  F^,  at  the  contact  between 

the  abrasive  wheel  and  the  turntable  specimen.  When  the  moments  are  summed 
to  zero  about  the  center  of  the  abrasive  wheel,  and  the  equation  is  rearranged, 

Fk D  =  Wd  , 

where  W  is  the  weight  of  the  free-hanging  mass  in  grams,  d  is  the  diameter  of 
the  abrasive  wheel  retaining  nut,  and  D  is  the  diameter  of  the  abrasive  wheel  as 
shown  in  Figure  6.  After  rearranging  and  solving  for  Fk, 


Because  the  combination  of  kinetic  and  static  friction  leads  to  the  use  of  an  ef¬ 
fective  coefficient  of  kinetic  friction,  the  coefficient  of  friction  p^  is  replaced 
by  pg.  Then  pg  is  calculated  according  to 

Wd 

Be-DN  ’ 

where  G  has  been  substituted  with  N  because  N  is  the  normal  force  applied  by 
the  abrasive  wheel  to  the  turntable  specimen.  The  value  of  N  was  verified,  us¬ 
ing  a  spring  scale,  as  either  250g  for  the  250g  tests  or  as  500g  for  the  500g  tests. 
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Abrasive  energy  density 

Abrasive  energy  density  is  defined  for  this  thesis  as  the  energy  expended  per 
unit  volume  of  material  removed,  and  is  used  to  evaluate  the  abrasion  resistance 
of  the  material  to  a  specific  abrasive.  The  abrasive  energy  density  is  normalized 
to  the  stress  at  the  beginning  and  end  of  each  abrasion  period  by  multiplying  the 
abrasive  energy  density  by  the  ratio  of  the  wear  areas  at  the  beginning  and  end 
of  each  abrasion  period. 

The  abrasive  energy  density,  when  normalized  to  stress,  attempts  to  correct 
for  the  high  stress  levels  at  the  beginning  of  the  abrasion  period.  The  high 
stresses  are  due  to  the  cylindrical  shape  of  the  cables.  Initially,  a  small  area  of 
contact  occurs  between  the  abrasive  wheels  and  the  cables  (because  the  axes  of 
the  cyclindrical  wheels  and  cables  are  not  parallel).  This  area  of  contact  grows 
as  the  abrasion  test  continues  and  material  is  abraded  from  the  cables.  Also,  at 
the  beginning  of  each  abrasion  test,  the  abrasive  wheels  travel  from  the  high 
point  of  one  cable  and  then  “bump”  onto  the  next  cable.  This  bumping,  and  the 
associated  high  dynamic  stresses,  diminishes  as  the  abrasion  continues  and  the 
cables  flatten  due  to  the  loss  of  the  abraded  material.  Results  of  the  calculated 
abrasive  energy  density  are  plotted  before  and  after  the  energy  density  is  nor¬ 
malized  to  stress,  i.e.,  readings  are  corrected  to  a  constant  stress. 

Let  n  represent  the  abrasive  energy  density,  E  the  expended  energy,  and  V 


the  volume,  then 
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The  abrasive  energy  is  the  amount  of  energy  required  to  do  the  work  of  abra¬ 
sion.  The  work,  or  energy,  of  abrasion,  neglecting  energy  losses  such  as  in  the 
form  of  heat,  is  the  frictional  force  times  the  sliding  or  abrasive  distance.  The 
sliding  distance,  S,  is  calculated  by  multiplying  the  radius,  R,  to  the  center  of 
the  wear  path  (as  shown  in  Figure  5)  by  the  number  of  turntable  revolutions,  n; 
this  result  is  then  multiplied  by  a  factor  of  two  because  there  are  two  abrasive 
wheels. 


S  =  2  x  2  71 R  n  =  4  7t  R  n  . 

The  total,  upper  limit  of  effective  energy,  Eg,  for  each  abrasion  period  is  the  ef¬ 
fective  frictional  force  times  the  sliding  distance,  so  that 

Eg  =  4  7t  R  n  |j.g  N  , 

where  jig  is  the  effective  coefficient  of  friction  and  N  is  the  applied  normal 
force.  The  lower  limit  for  the  effective  energy  is  given  by 

Eg  =  (  4  7i  R  n  |ig  N  )  tan  0  , 

where  0  is  the  angle  between  fs  and  Fg  as  shown  in  Figure  5. 


The  volume  of  abraded  material  at  each  abrasion  location,  Vj,  is  a  function  of 
the  wear  depth  and  the  length  of  the  wear  region  at  the  particular  abrasion  loca¬ 
tion  and  is  calculated  by  the  equation  (derived  in  Appendix  A) 


Vi=  Li  [ 


rz  cos 


r-hi 


-  (r  -  hj)  ^2rhi  -  hj2 
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where  Lj  is  the  length  of  wear  region  for  each  abrasion  location,  r  is  the  cable 
radius,  and  hj  is  the  wear  depth  at  each  abrasion  location.  The  total  volume,  V, 
of  abraded  material  for  all  abrasion  locations  on  the  cable  raft  is  found  by 
summing  the  individual  volumes  of  the  abrasion  locations; 

12 

V  =  S  vj 
i  =1 

The  abrasive  energy  density,  n,  when  normalized  to  constant  stress  and  using 
the  upper  limit  for  energy,  becomes 

4  7t  R  |iE  N  n 
V  J  ’ 

where  nCT  is  the  stress-normalized  energy  density,  is  the  initial  wear  area  for 
each  abrasion  cycle,  and  Af  is  the  final  wear  area  for  each  abrasion  cycle. 


Aj 

n°  =  Af 


Chapter  4 
RESULTS 
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Hardness  Measurements 

The  results  from  the  maximum-reading  Shore  Type  ‘D’  durometer  were  ob¬ 
tained  from  a  random  sampling  of  the  sheet  specimens  and  from  cable  speci¬ 
mens  that  had  been  cut  originally  from  a  single  length  of  cable  supplied  for 
these  tests.  Each  reported  value  is  the  mean  of  five  individual,  maximum  value 
readings,  in  accordance  with  ASTM  D2240-91  standards.  The  tests  were  con¬ 
ducted  on  unabraded  areas  of  the  cable  and  sheet  specimens.  The  results  ob¬ 
tained  from  the  hardness  tests  are  summarized  in  Table  2. 

The  cable  jacket  thickness  is  less  than  the  thickness  specified  in  the  ASTM 
standard;  thus  values  are  reported  for  the  single  cable  jacket  and  for  the  jacket 
with  one  and  two  extra  layers  of  cable  jacket  added.  The  extra  layers  were  ob¬ 
tained  from  a  different  location  on  the  same  cable  by  removing  pieces  of  the 
cable  jacket.  Using  a  nylon  line  technique  that  was  developed  to  cut  the  cable 
jacket  without  cutting  the  underlying  steel  shielding,  pieces  of  the  cable  jacket 
(approximately  1  inch  squares)  were  cut  and  then  carefully  pried  away  from  the 
steel  shielding  underneath.  These  pieces  of  jacket  were  then  laid  onto  an  unal¬ 
tered  piece  of  cable  to  form  double  and  triple  layers  of  cable  jacket. 

Results  of  the  hardness  tests  on  the  abraded  cables  are  not  reported  since  it 
was  evident  from  the  test  results  that  the  underlying  steel  shielding  was  greatly 
influencing  the  test  results  (hardness  values  were  off  the  scale  for  the  durome¬ 
ter). 
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Table  2.  Hardness  Test  Results* 


Material  Mean  Std.  Dev. 


Single  Layer  Cable  Jacket 

64.2 

LI 

Double  Layer  Cable  Jacket 

64.4 

0.6 

Triple  Layer  Cable  Jacket 

62.4 

1.1 

HDPE  Flat  Sheet  71.4  0.6 


*  Shore  D  durometer,  ser.  no.  97988,  with  sharp  (0.004in.  tip 
radius)  30°  included  angle  indenter. 


Effective  Coefficients  of  Friction 

The  mean  values  and  standard  deviations  calculated  for  typical  cable  speci¬ 
mens  are  listed  in  Table  3.  The  values  are  for  abraded  cable  specimens  that 
have  been  subjected  to  50,000  turntable  cycles.  Resurfaced  wheels  are  repre¬ 
sented  as  “new”  and  wheels  that  have  a  buildup  of  HDPE  are  represented  as 
“full.”  A  comparison  between  the  frictional  coefficients  presented  in  this  thesis 
and  results  presented  elsewhere  is  made  in  the  discussion  on  frictional  coeffi¬ 
cients  later  in  this  thesis. 
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Table  3.  Effective  Coefficients  of  Friction  for  Abraded  Cable  Specimens 


Wheel 

Dry  Tests 

Wet  Tests 

Mean 

Std.  Dev. 

Mean 

Std.  Dev. 

H- 18  New 

0.37 

0.03 

0.33 

0.03 

H- 18  Full 

0.32 

0.02 

0.28 

0.02 

H-22  New 

0.32 

0.01 

a 

a 

H-22  Full 

0.29 

0.02 

a 

a 

a  not  measured 

Table  4  lists  the  effective  coefficients  of  friction,  p^,  for  the  H-22  wheels 
and  the  flat  sheets  of  HDPE.  The  “smooth  sheet”  represents  a  clean,  unabraded 
surface  and  the  “abraded  sheet”  is  the  surface  obtained  after  30,000  cycles.  It  is 
interesting  to  note  that  the  p^  for  the  smooth,  unabraded  sheet  is  lower  than  that 
for  the  abraded  sheet.  Since  only  new  wheels  are  used  on  new  surfaces,  pg  is 
not  calculated  for  used,  or  full,  wheels  on  new  surfaces. 


Table  4.  Effective  Coefficients  of  Friction  for  Flat  Sheet  Specimens 

_ Smooth  Sheets  _ Abraded  Sheets 

Wheel  Mean  Std.  Dev.  Mean  Std,  Dev. 

H-22  New  0.37  0.03  0.33  0.04 

H-22  Full  a _ a _ 028 _ 0.02 

a  not  measured 


Wear  Depth 


The  following  data  represent  the  typical  results  obtained  from  the  abrasion 
tests  that  were  conducted.  Figure  8  compares  the  cumulative  wear  depth  as  a 
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function  of  the  number  of  turntable  cycles  for  H-18  180-grit  and  H-22  80-grit 
abrasive  wheels.  The  abrasive  wheels  were  changed  according  to  the  wear  cri¬ 
terion.  Note  that  the  wear  depth  is  not  proportional  to  the  number  of  abrasion 
cycles.  The  lack  of  proportionality  is  due  to  periods  (a  few  thousand  cycles)  of 
high  wear  rates  followed  by  periods  of  a  lower  wear  rate.  This  high-low  wear 
rate  cycle  corresponds  to  the  changing  of  the  abrasive  wheels  with  resurfaced 
wheels  (when  using  the  wear  criterion,  the  abrasive  wheels  are  resurfaced  when 
the  wear  depth  is  less  than  0.001  in.  between  successive  wear  depth  measure¬ 
ments).  Some  of  the  points  at  which  the  abrasive  wheels  were  resurfaced  are 
shown  in  Figure  9. 


criterion  for  changing  the  abrasive  wheels. 
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Figure  10  is  a  plot  of  the  wear  rates,  for  each  increment  of  5000  abrasion  cy¬ 
cles,  when  only  one  set  of  abrasive  wheels  is  used  and  the  abrasive  wheels  are 
not  resurfaced  between  abrasion  periods  (5000  cycles).  The  purpose  of  this  plot 
is  to  see  how  the  buildup  of  HDPE  on  the  abrasive  wheels  affects  the  wear 
rates.  The  data  were  obtained  by  using  a  single  set  of  H-18  abrasive  wheels  for 
the  entire  test.  The  test  began  with  the  abrasive  wheels  in  new,  resurfaced, 
condition  and  continued  until  the  wheels  were  entirely  filled  with  abraded  par¬ 
ticles  of  HDPE.  The  cables  used  in  this  test  had  been  previously  abraded  for 
50,000  cycles.  The  values  shown  are  the  average  wear  rates  that  occurred  dur¬ 
ing  each  period  of  5,000  turntable  cycles.  Note  the  decrease  in  wear  rate  after 
the  first  5,000  cycle  period.  This  decrease  is  significant  because,  when  the 
abrasive  wheels  are  used  for  more  than  5000  cycles,  the  abrasive  wear  rate 


Figure  10.  Wear  rates  for  a  single  set  of  H-18  wheels,  averaged  every 
5000  cycles,  on  abraded  cable  surfaces  for  dry  and  wet  test  conditions. 
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changes,  not  due  to  any  change  in  or  material  property  of  the  cable  jacket  but 
solely  due  to  a  change  that  occurs  in  the  abrasive  wheel;  the  abrasive  wheel  be¬ 
comes  filled  with  HDPE  and  the  wear  mechanism  changes  from  an  abrasive  to  a 
more  adhesive  mechanism  of  an  HDPE  surface  on  an  HDPE  surface. 

Figure  11  shows  the  cumulative  wear  depths  for  H-18,  180  grit  abrasive 
wheels  with  250g  and  500g  loads  under  dry  test  conditions  and  for  H-18  wheels 
with  a  500g  load  under  wet  test  conditions.  For  comparison,  Figure  1 1  also 


Cumulative  Wear  Depth 
-  Cycle  Criterion  - 


X  H-18,  250g,  Dry  A  H-18,  500g,  Dry  □  H-18,  500g,  Wet  X  H-22, 500g,  Sheet 


Figure  11.  Cumulative  cable  wear  depth  versus  number  of  cycles  for 
abrasive  wheels  replaced  every  5000  turntable  cycles  (cycle  criterion). 
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shows  the  cumulative  wear  of  a  HDPE  flat  sheet  specimen  abraded  with  H-22, 
80-grit  wheels  with  500g  load.  These  results  are  compared  with  the  cable 
specimens  because  the  greatest  wear  depths  and  wear  rates  experienced  for  the 
sheet  specimens  were  produced  by  the  H-22  wheels,  and  the  greatest  wear 
depths  and  wear  rates  experienced  for  the  cable  specimens  were  produced  by 
the  H-18  wheels.  The  abrasive  wheels  were  replaced,  using  the  cycle  criterion, 
after  every  5000  turntable  cycles.  The  wear  depth  for  the  cable  specimens  ap¬ 
pears  to  be  proportional  to  the  number  of  abrasion  cycles  after  the  first  2500 
cycles,  and  the  wear  depth  for  the  flat  sheet  specimen  appears  to  be  propor¬ 
tional  to  the  number  of  abrasion  cycles  for  the  entire  test.  The  equations 
shown,  giving  the  slope  and  wear-depth  axis  intercept,  were  obtained  through 
linear-regression  analysis  of  the  data  shown. 

Figure  12  shows  the  cable  wear  rates  associated  with  the  H-18  wheels  and  the 
wear  depth  data  shown  in  Figure  11.  The  H-18  wheels  were  replaced  using  the 
cycle  criterion;  i.e.,  after  every  5000  turntable  cycles  the  abrasive  wheels  were 
replaced  with  newly  resurfaced  abrasive  wheels.  It  appears  that  a  “steady-state” 
wear  rate  is  reached  after  the  initial  abrasion  period  of  2500  cycles.  The  second 
abrasion  period  shown  is  also  a  2500  cycle  abrasion  period,  and  the  following 
seven  abrasion  periods  are  for  5000  cycles  each.  Following  the  first  2500  cycle 
abrasion  period,  the  average  wear  rates  for  each  period  appear  to  indicate  that 
the  wear  rates  for  all  of  the  specimens  approach  a  steady-state  rate.  The  aver¬ 
age  steady-state  wear  rates  are  shown  in  Figure  12  as  horizontal  lines  and  repre¬ 
sent  the  averages  of  the  values  shown  by  the  columns.  The  columns  represent 
the  average  wear  rates  for  each  abrasion  period.  The  average  steady-state 


Wear  Rates 

-  Average  per  abrasion  period  - 


Wear  Rate, 
1 0n-9  m 
Cycle 


Steady  State  Wear  Rates 

H-18,  500g,  Wet,  Cable 
H-18,  500g,  Dry,  Cable 
H-18,  250g,  Dry,  Cable 
H-22,  500g,  Dry,  Sheet 


2500  5000  10000  15000  20000  25000 

Abrasion  Cycles 

Abrasion  Period  Average  Wear  Rates 

■  H-18,  250g,  Dry  H  H-18,  500g,  Dry  □  H-18,  500g,  Wet 


30000  35000  40000 


H-22, 500g,  Sheet 


Figure  12.  Average  wear  rates  for  abrasive  wheels  replaced,  using  the  cycle  criterion,  every  5000  cycles. 
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wear  rates  (lines)  do  not  include  the  values  for  the  wear  rates  that  occurred 
during  the  first  abrasion  period  (2500  cycles).  The  initial  high  wear  rates  shown 
in  Figure  12  explain  why  the  cumulative  wear  depths,  as  shown  in  Figure  1 1,  do 
not  intersect  the  origin  of  the  plot  in  Figure  11,  although  it  is  essential  that  the 
wear  depths  actually  do  intersect  the  origin. 

Figure  12  shows  that  the  wear  rates  become  steady-state  wear  rates  only  after 
an  initial  number  of  abrasion  cycles  during  which  a  transient,  higher  wear  rate 
exists.  The  steady-state  wear  rates  are  shown  as  the  lines  in  Figure  12.  Figure 
12  also  shows  that  the  initial  period  of  a  transient  wear  rate,  while  existing  for 
both  the  cable  and  sheet  specimens,  appears  to  be  intensified,  or  exaggerated, 
for  the  cable  specimens.  The  transient  and  steady-state  wear  rates  of  the  cable 
specimens  are  an  order  of  magnitude  greater  than  the  wear  rates  of  the  flat 
sheets.  The  transient  wear  rate  for  the  flat  sheet  specimen  is  insignificant  in  the 
overall  wear  of  the  flat  sheet,  while  the  transient  rates  for  the  cable  specimens 
are  significant  in  the  overall  wear  depth  of  the  cable  specimens. 


Abrasive  Energy  Density 

The  next  plot,  Figure  13,  is  a  plot  of  the  experimental  abrasive  energy  density 
as  a  function  of  the  number  of  turntable  cycles.  Figure  14  plots  the  experimen¬ 
tal  abrasive  energy  density  normalized  to  the  initial  and  final  abrasion  period 
stresses  by  multiplying  the  abrasive  energy  density  by  the  ratio  of  the  initial  area 
to  the  final  area  of  each  abrasion  period,  also  as  a  function  of  the  number  of 
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turntable  cycles.  Both  plots  (Figure  13  and  Figure  14)  are  based  on  the  experi¬ 
mental  abrasive  energy  density  that  is  calculated  from  measured  cable  wear 
depths.  The  energy  densities  for  H-18  wheels  and  500g  loads  are  shown  for  dry 
and  wet  conditions;  for  comparison,  the  energy  densities  are  also  shown  for  the 
H-18  wheels  with  250g  loads  and  the  H-22  wheels  with  500g  loads,  both  for  dry 
condition  tests. 


Energy  Density 


A  H-18,  500g,  Dry  □  H-18,  500g,  Wet  X  H-18,250g,  Dry  O  H-22,  500g,  Dry 


Figure  13.  Abrasive  energy  density,  for  each  5000  cycle  period,  versus 
the  number  of  abrasion  cycles. 
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Chapter  5 
DISCUSSION 
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Specimen  Hardness  and  Geometry 

Of  all  the  tests  conducted,  the  greatest  differences  in  results  were  obtained 
from  the  tests  between  the  flat  sheet  and  the  cable  specimens.  The  flat  sheet 
had  the  highest  hardness  value  and  the  lowest  steady-state  wear  rate.  The  cable 
specimens  had  the  lowest  hardness  value  and  the  highest  steady-state  wear  rates 
and,  additionally,  exhibited  an  initial  transient  wear  rate,  with  the  wet  condition 
tests  having  the  highest  transient  rate.  The  flat  sheet’s  slightly  higher  measured 
hardness  value  of  71.4  (versus  62.4—64.4  for  the  cable)  gave  it  the  greatest 
resistance  to  wear  and  a  total  wear  depth  (at  30,000  cycles)  of  about  0.1mm 
compared  to  about  0.55mm  for  the  cable  specimens  under  the  same  test  condi¬ 
tions  and  at  the  same  number  of  turntable  cycles.  The  flat  sheet  specifications, 
provided  by  Boedeker  Plastics,  Inc.,  state  the  sheet  material's  hardness  as  Shore 
D  69. 


Effective  Coefficients  of  Friction 

The  effective  coefficients  of  friction  for  the  cable  and  sheet  specimens  are 
consistent  with  published  values.  Deanin  and  Patel  [14]  reported  coefficients  of 
friction  for  several  polyethylenes.  For  comparison,  they  report  a  range  in  coef¬ 
ficients  of  friction,  for  plastic  on  plastic,  of  0.32-0.48  static  and  0.20-0.4  ki¬ 
netic,  for  polyethylenes  with  a  density  of  0.960  g/cc,  each,  and  Shore  D  hard¬ 
ness  of  64-68,  respectively.  The  also  list  two  polyethylene  formulations  of 
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“high”  density  with  Shore  D  hardness  values  of  67  and  69,  with  both  having  a 
plastic  on  plastic  coefficient  of  static  friction  of  0.32  and  coefficients  of  kinetic 
friction  of  0.26  and  0.24,  respectively.  Yamaguchi  [12]  reported  frictional  co¬ 
efficients  of  polyethylenes  in  the  ranges  of  0.1-0.35  static  and  0.14-0.25  kinetic 
for  plastic  on  plastic  and  0.12-0.3  kinetic  for  steel  on  plastic.  Deanin's  and 
Patel's  measurements  agree  very  well  with  the  coefficients  determined  in  this 
thesis  even  though  their  measurements  were  made  for  plastic  on  plastic.  Some 
of  the  effective  coefficients  of  friction  in  this  thesis  are  slightly  higher  than  the 
frictional  coefficients  cited  by  Yamaguchi.  His  frictional  coefficients  were 
evaluated  for  plastic  on  plastic  or  steel  on  plastic,  both  of  which  are  very  differ¬ 
ent  material  combinations.  However,  the  effective  coefficients  of  friction  pre¬ 
sented  in  this  thesis  are  found  to  be  similar  to  the  expected  values  for  polyethy¬ 
lene  as  presented  in  the  literature.  The  observation  is  made  that  these  effective 
coefficients  of  friction  are  within  reasonable  engineering  tolerances,  but  that 
these  effective  coefficients  of  friction  are  based  on  the  assumptions  stated  ear¬ 
lier  in  this  thesis. 

The  frictional  coefficients,  as  shown  in  Table  3,  decreased  from  the  initial 
value  for  the  unabraded  surfaces  to  a  lower  value  for  the  abraded  surfaces.  This 
result  was  also  expected  because  the  abraded  surface  has  semi-loose  particles, 
or  particles  that  are  partially  torn  away  from  the  bulk  material  which  the  abra¬ 
sion  wheel  is  contacting.  The  semi-loose  particles  require  less  energy  to  be 
sheared  and  removed  from  the  bulk  material  than  the  energy  required  to  initially 
create  the  particles  from  the  unabraded  surfaces.  In  essence. 
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the  semi-loose  particles  allow  for  easier  movement  to  occur  between  the  abra¬ 
sive  wheel  and  the  bulk  specimens. 


Wear  Criterion  Versus  Cycle  Criterion 

Wear  depth  as  a  function  of  the  number  of  turntable  revolutions,  or  cycles,  is 
not  a  complete,  directly  proportional  relation  when  the  wear  criterion  is  used  as 
a  basis  for  resurfacing  the  abrasive  wheels,  or  if  the  abrasive  wheels  are  not 
resurfaced.  The  wear  rate  is  greatest  initially  and  slowly  decreases.  Close  ex¬ 
amination  of  the  wear  depth  plotted  in  Figure  9  reveals  what  appears  to  be  a 
proportional  relation  in  localized  regions  (generally  toward  the  latter  cycles  of 
the  test).  In  fact,  closer  examination  of  the  data  reveals  that  these  regions  re¬ 
sulted  when  the  abrasive  wheels  were  changed  after  consistent  numbers  of 
turntable  revolutions.  At  least  a  very  general  trend  was  noticed,  and  so  the  ef¬ 
fects  of  the  polyethylene  loading  on  the  abrasive  wheel,  and  the  subsequent  ef¬ 
fects  on  the  wear  rate,  was  further  investigated. 

In  Figure  10  the  buildup  of  an  HDPE  layer,  or  coating,  onto  the  abrasive 
wheels  causes  the  wear  rates  to  decrease.  The  wear  rate  drops  in  the  second 
period  to  the  wear  rate  in  the  first  period.  By  the  end  of  the  test,  there  is  al¬ 
most  an  order  of  magnitude  difference  in  the  wear  rates  between  the  first  and 
last  abrasion  periods.  The  differences  in  the  effective  coefficients  of  friction 
between  new  wheels  and  used  wheels  probably  does  not  entirely  account  for  the 
difference  in  wear  rates  between  the  first  period  and  last  period  in  Figure  10. 
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Instead,  the  difference  in  wear  rates  likely  results  from  the  abraded  HDPE  par¬ 
ticles  filling  in-between  and  around  the  wheel's  abrasive  particles,  which  creates 
a  coating,  or  layer,  of  HDPE  on  the  abrasive  wheels.  The  HDPE  buildup,  fill¬ 
ing,  and  covering  that  occur  on  the  abrasive  wheels  reduce  the  amount  of 
material  that  can  be  removed  by  reducing  the  amount  of  bite  the  individual 
abrasive  particles,  or  cutting  teeth,  can  make  in  the  substrate. 

When  the  abrasive  wheels  are  resurfaced,  using  the  cycle  criterion,  a  propor¬ 
tional  relation  develops  between  wear  depth  and  number  of  turntable  cycles.  In 
Figure  11,  the  wear  depth  is  almost  a  straight  line  that  is  proportional  to  the 
number  of  turntable  cycles,  after  the  initial  abrasion  period.  The  lines  in  Figure 
1 1 ,  which  are  fit  to  the  data  using  a  linear-regression  analysis,  do  not  intersect 
the  origin  of  the  plot.  This  was  not  expected  because  similar  abrasion  data  ob¬ 
tained  by  Yamaguchi  [12],  using  a  Tabor  Abraser,  H-22  abrasive  wheels,  and 
lOOOg  load,  showed  a  highly  proportional  relation  between  wear  volume  and 
sliding  distance  (and  number  of  turntable  revolutions)  with  lines  of  propor¬ 
tionality  intersecting  the  plot's  origin.  The  only  specimens  used  in  Yamaguchi’s 
tests  were  flat  sheet  plastic  materials.  However,  the  only  data  presented  in  Ya- 
maguchi's  report  were  for  a  maximum  of  5000  turntable  revolutions  (cycles) 
and  the  number  of,  or  criterion  used  for,  abrasive  wheel  resurfacings  was  not 
stated. 

The  line  for  the  flat  sheet  wear  data  also  does  not  intersect  with  the  plot  ori¬ 
gin;  however,  it  does  come  much  closer  (within  0.001mm)  than  the  data  line  for 
the  closest  cable  specimen  (0.08mm).  Also,  the  linear  regression  gives  a  nega¬ 
tive  value  for  the  flat  sheet  data's  intercept  point  on  the  wear-depth  axis,  and  the 
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data  line  must  actually  intercept  at  the  origin.  It  is  most  likely  due  to  experi¬ 
mental  error  that  it  doesn't.  The  accuracy  of  the  depth  measurements 
(±0.0005in.  or  ±0.0 13mm)  does  account  for  the  slight  discrepancy  in  the  flat 
sheet  data,  but  does  not  account  for  the  cable  data  lines  not  intersecting  the  plot 
origin. 


Transient  Versus  Steady-State  Wear  Rates 

In  addition  to  not  intersecting  the  origin  of  the  wear  depth  data  plots,  Figure 
12  illustrates  that  there  is  an  initial  period  of  a  high  wear  rate,  or  transient  wear 
rate,  followed  by  a  more  consistent,  or  “steady-state,”  wear  rate.  An  initial 
transient  rate  is  seen  in  Figure  12  for  both  the  cable  and  flat  sheet  specimens,  al¬ 
though  the  cable  specimens  exhibit  a  much  greater,  or  higher,  transient  (roughly 
an  order  of  magnitude  greater)  than  the  flat  sheet  specimens.  Yamaguchi  [12] 
reported  a  similar,  initially  higher  transient  wear  rate  followed  by  a  steady-state 
wear  rate  in  his  investigations  of  the  adhesive  wear  behavior  of  polycarbonate 
and  Nylon  6  sheet  materials.  However,  his  results  for  the  abrasive  wear  behav¬ 
ior  of  polymeric  sheet  materials  showed  a  direct  proportional  relationship,  with¬ 
out  an  initial  transient  rate,  between  wear  volume  and  sliding  distance  (turntable 
cycles). 

The  high  transient  wear  rates  reported  in  this  thesis  occurred  only  during  the 
wear  of  the  cable  specimens.  During  the  wear  of  the  HDPE  sheeting,  the  wear 
rates  and  wear  volumes  were  more  consistent  with  the  flat  sheet  results  pre- 
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sented  by  Yamaguchi.  The  presence  of  the  high  transient  wear  rate  during  the 
wear  of  the  cable  specimens  is  believed  to  be  caused,  at  least  in  part,  by  the 
cylindrical  cable  shape,  because  if  the  cable  jackets  were  flat  instead  round  the 
relation  between  wear  depth  and  turntable  cycles  would  be  expected  to  be  di¬ 
rectly  proportional.  Other  likely  causes  of  the  high  transient  wear  rate  are  the 
surface  energy  of  unabraded  surfaces  compared  to  abraded  surfaces,  and  the 
difference  in  surface  texture  between  smooth  unabraded  surfaces  and  rough 
abraded  surfaces,  where  the  unabraded  surfaces  require  more  energy  for  wear 
rates  to  be  similar  to  the  wear  rates  of  abraded  surfaces. 


Wet  Versus  Dry  Test  Conditions 

In  both  Figure  1 1  and  Figure  12,  the  results  obtained  for  the  wet  and  dry  test 
conditions  are  strikingly  similar.  The  effective  coefficients  of  friction  are  less 
for  the  abrasive  wheels  on  the  wet  cable,  but  the  cumulative  wear  depth  shown 
in  Figure  1 1  is  greater  for  the  wet  cables  than  for  the  dry  cables.  The  steady- 
state  wear  rates  are  roughly  equivalent  (difference  of  0.101xl0'5mm/cycle,  or 
0.04mm  after  40,000  cycles),  yet  the  total  depth  is  greater  for  the  wet  cables. 
The  difference  is  attributable  to  the  difference  in  initial  transient  wear  rates, 
which  are  evidenced  by  the  difference  in  wear-depth  axis  intercepts  (difference 
between  wet  and  dry  conditions  of  0.03mm).  The  wet  test  conditions  have  a 
greater  transient  rate  than  the  dry  condition  tests.  The  steady-state  wear  rate 
difference  is  small  but,  when  combined  with  the  transient  rate  difference,  causes 
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the  overall  depth  to  be  greater  for  the  wet  tests.  However,  after  40,000  cycles, 
the  total  difference  in  wear  depth  between  the  wet  and  dry  test  conditions  is  less 
than  0.1mm.  The  slightly  higher  steady-state  wear  rates,  during  the  wet  condi¬ 
tion  tests,  may  also  be  due  to  localized  cooling  of  the  HDPE  and  prevention  of 
HDPE  buildup  on  the  abrasive  wheels. 


Abrasive  Energy  Density 

The  existence  of  the  initial  high  energy  density  is  due  to  the  cable  shape,  or 
geometry.  Initially,  the  cable  shape  limits  the  area  of  contact  between  the  cable 
surface  and  the  abrasive  wheels.  The  small  contact  area  causes  an  increase  in 
stress  and  an  increase  in  wear  rate  (depth  per  cycle)  to  occur.  Initially,  although 
the  wear  rate  is  high,  the  wear  area  and  volume  are  small.  Because  the  energy 
remains  constant,  the  small  abraded  volume  causes  the  energy  density  to  be 
very  large.  In  addition  to  the  limits  imposed  by  the  cable  shape  on  the  wear 
area  at  the  beginning  of  the  test,  there  is  another  factor  that  explains  the  large 
energy  density  and  small  abraded  volume  that  occurs  at  the  beginning  of  the 
tests:  surface  energy. 

When  the  wear  process  is  beginning,  the  abrasive  wheels  are  creating  entirely 
new  surfaces  from  the  unabraded  cable  surfaces.  As  the  wear  depth  increases, 
the  amount  of  abraded  surface  in  contact  with  the  abrasive  wheels  versus  the 
amount  of  unabraded  surface  increases.  A  greater  amount  of  energy  is  required 
to  create  a  newly  abraded  surface  from  an  unabraded  surface  than  the  amount 
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of  energy  required  to  abrade  a  previously  abraded  surface.  The  effects  of  the 
abraded  versus  unabraded  surface  were  also  seen  in  the  effective  coefficient  of 
friction,  which  decreased  from  the  unabraded  surface  value  to  the  abraded  sur¬ 
face  value.  Thus  initially  more  energy  is  used  to  create  the  abraded  surface 
from  the  unabraded  surface.  As  the  test  period  progresses,  the  energy  expended 
transfers  from  creating  an  abraded  surface  out  of  an  existing  smooth  surface  to 
removing  the  loose,  abraded  material. 


Chapter  6 
CONCLUSIONS 
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1.  A  Taber  Abraser  with  a  turntable  platform  modified  for  small  diameter  ca¬ 
bles  and  conventional  abrasive  wheels  can  measure  the  relative  abrasion 
resistance  of  the  cable  jacket.  The  advantages  of  using  the  Taber  Abraser 
are  that  the  actual  cable  can  be  used  as  test  specimens  and  the  test  period  is 
approximately  18  hours  for  the  0.762mm  (0.030in.)  nominal  cable  jacket 
thickness.  Thus  the  final,  production-line  product  can  be  evaluated  and 
compared,  within  a  reasonable  time  period,  with  standards,  specifications, 
and  other  cable  production  samples  or  specimens. 

2.  The  HDPE  flat  sheet  specimens  (with  a  hardness  of  71  Shore  D)  abrade 
much  more  slowly — about  six  times  more  slowly — than  the  HDPE  cable 
jacket  specimens  (hardness  of  64)  after  the  initial  wear  of  the  cable  pro¬ 
duces  a  flat  surface.  The  dynamics  of  the  abrasive  wheels  while  “bumping” 
over  the  cables  may  increase  the  wear  rates.  The  continuous  availability,  to 
the  abrasive  wheels,  of  surface  (wear  area)  edges  on  the  cable  specimens 
are  suspected  to  also  enhance  wear  rates.  Observation  of  the  wear  action 
and  wear  patterns  shows  that  one  wheel  scrubs  (wears)  outwardly  and  one 
wheel  scrubs  (wears)  inwardly,  causing  a  reciprocating  wear  action  of  the 
abrasive  wheels  at  each  wear  area,  or  location,  on  the  test  specimens.  How¬ 
ever,  the  presence  of  unknown  fillers  in  the  HDPE  flat  sheet  material  may 
have  also  contributed  to  the  observed  lower  wear  rates  compared  to  the  ca¬ 
ble  specimens. 

3.  Test  results  show  that  two  H-18  wheels,  when  resurfaced  every  5,000 
turntable  cycles,  will  produce  a  nearly  linear,  or  proportional,  wear  depth 
rate  to  a  nominal  depth  of  0.71mm  (0.028in.)  under  dry  test  conditions  and 
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0.76mm  (0.030in.)  under  wet  test  conditions  in  40,000  turntable  cycles  and 
500g  normal  load.  Tests  results  also  show  that  two  H-22  wheels,  when 
resurfaced  every  5,000  turntable  cycles,  will  produce  a  nearly  linear,  or 
proportional,  wear  depth  rate  to  a  nominal  depth  of  0.50mm  (0.020in.)  un¬ 
der  dry  test  conditions  in  40,000  turntable  cycles  and  500g  load. 

4.  Interestingly,  the  H-18  180-grit  abrasive  wheels  tend  to  wear  the  cable 
specimens  faster  than  the  H-22  80-grit  abrasive  wheels.  The  finer  H-18 
wheels  (180-grit)  have  a  greater  number  of  cutting  edges  than  the  coarser 
H-22  wheels  (80-grit).  However,  as  was  expected,  higher  applied  normal 
forces  (or  loads)  caused  higher  wear  rates  for  both  types  of  abrasive  wheels 
and  both  test  conditions  (dry  and  wet).  Doubling  the  normal  force  did  not 
produce  twice  the  wear  rate,  however,  which  implies  that  wear  would  still 
occur  if  the  normal  force,  or  load,  approached  zero  (but  the  abrasive  wheels 
remained  in  contact  with  the  specimens). 

5.  Ideally,  wear  rates  would  be  evaluated  for  a  given  wheel  HDPE  buildup 
(coating)  condition,  i.e.,  changing  the  wheels  when  the  HDPE  buildup  re¬ 
duces  wear  depth  to  less  than  0.025mm  (0.001  in.)  per  given  number  of 
turntable  cycles.  In  order  to  standardize  the  test  procedures,  the  cycle  cri¬ 
terion  was  developed  where  the  abrasive  wheels  were  resurfaced  after  a  set 
number  of  cycles,  i.e.,  5,000  cycles;  the  wear  depths  obtained  afterwards 
became  proportional  to  the  number  of  cycles,  and  the  test  results  of  the 
same  test  conditions  became  more  consistent  and  repeatable. 
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6.  Buildup  of  HDPE  on  the  abrasive  wheels  tends  to  decrease  the  wear  rate  as 
the  wheels  begin  to  be  filled  and  coated.  The  HDPE  coating  of  the  abrasive 
wheels  causes  the  wear  mechanism  to  transform  from  predominantly  abra¬ 
sive  cutting  to  adhesive  sliding  wear.  The  latter  wear  rate  tends  to  be  much 
slower  (an  order  of  magnitude)  than  the  former.  Regular  resurfacing  of  the 
abrasive  wheels  reduced  the  effects  of  the  decreasing  wear  rate  caused  by 
the  filling  and  coating  of  the  abrasive  wheels.  The  difference  between 
resurfaced  abrasive  wheels  (|i£  =  0.32-0.37)  and  full,  used  abrasive  wheels 
(|i£  =  0.29-0.32)  does  not  account  for  the  difference  in  wear  rates. 

7.  Initial  results  of  the  wet  test  conditions  indicate  that  the  wet  abrasive  wear 
rates  tend  to  be  higher  than  the  dry  abrasive  wear  rates  during  the  initial 
transient  wear  rate  period  and  roughly  equivalent  during  the  steady-state 
wear  rate  period.  The  enhanced  wear  rates  of  the  wet  condition  tests  may 
be  due  to  localized  cooling  of  the  HDPE  and  prevention  of  HDPE  buildup 
on  the  abrasive  wheels. 

8.  The  initial  results  of  the  energy  density  calculations  provide  an  upper  bound 
on  the  energy  density  required  to  produce  a  specific  wear  rate.  The  energy 
density  was  shown  to  asymptotically  approach  a  steady-state  value.  This 
steady-state  value  of  the  experimental  energy  density  is  of  the  right  order  of 
magnitude  that  would  be  expected  for  HDPE  when  compared  to  theoretical 
approximations  of  the  toughness  of  HDPE.  Although  not  conclusive  at  this 
time,  the  evidence  suggests  that  energy  density  and  toughness  should  be 
further  investigated  relative  to  abrasion  and  wear  resistance. 
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9.  Through  the  use  of  the  proper  test  procedures,  the  Taber  Abraser  is  capable 
of  evaluating  the  wear  resistance  of  submarine  cable  jackets.  As  a  compari¬ 
son  test  method,  the  Taber  Abraser  can  provide  reliable  and  reproducible 
results  on  the  wear  behavior  of  different  HDPE  formulations  used  for  cable 
jackets.  Either  the  H-18  or  H-22  abrasive  wheels  can  be  used  as  long  as  the 
test  results  to  be  compared  are  the  test  results  from  the  same  abrasive  wheel 
type,  that  is,  compare  the  results  from  H-18  wheels  to  results  from  H-18 
wheels,  or  compare  the  results  from  H-22  wheels  to  results  from  H-22 
wheels. 


Chapter  7 

FURTHER  RECOMMENDATIONS 
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This  thesis  has  answered  many  of  the  questions  that  arose  from  the  previous 
study  on  the  use  of  the  Taber  Abraser  as  a  test  method  to  evaluate  the  wear  be¬ 
havior  of  submarine  cable  jackets.  However,  the  current  thesis  has  also  raised 
some  new  questions  that  should  be  addressed  in  future  investigations.  To  begin 
with,  some  of  the  new  questions  to  address,  or  tests  to  perform,  are 

•  What  effect  will  seawater  have  on  the  wear  behavior? 

•  What  effect  will  high  hydrostatic  pressure  have  on  the  wear  behav¬ 
ior? 

•  Will  the  wear  behavior  during  wear  tests  on  cylinders  that  are  cut 
from  sheet  material  be  the  same  as  the  behavior  that  was  observed 
during  the  tests  on  the  extruded  cable  jacket? 

•  Can  a  simple,  quick  test  method  be  developed  to  evaluate  both 
static  and  kinetic  friction  between  the  abrasive  medium  and  the 
actual  cable  jacket  for  both  parallel  with  and  perpendicular  to  the 
cylinder  axis? 

•  Can  the  hardness  of  the  jacket  material  be  used  as  an  indicator  of 
the  relative  wear  resistance?  Probably  not  alone,  but  maybe  in 
combination  with  surface  energy  or  through  the  combination  of 
ductility  and  tensile  strength  (toughness),  a  wear-resistance  indica¬ 
tor  can  be  found. 
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•  Preliminary  comparisons  of  the  steady-state  region  of  the  calcu¬ 
lated  energy  density  to  the  theoretical  toughness  values  of  HDPE 
show  that  the  two  values  are  within  an  order  of  magnitude.  Can 
measured  toughness  values  of  the  HDPE  be  an  indicator  of  the 

material's  resistance  to  abrasion?  Is  the  following  equation  true? 

E 

Y  =  oe  =  Toughness  ? 

Or  is  it  a  useful  approximation,  where  o  is  true  stress  and  £  is  true 
strain? 

Some  of  these  questions  can  be  answered  with  a  simple  experiment,  while 
some  of  the  questions  may  be  answered  only  after  a  lengthy  series  of  tests. 
However,  with  the  growing  number  of  submarine  cable  applications  and  subse¬ 
quent  cable  deployments,  these  questions  should  be  answered. 
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